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Helianthus annuusIn addition to various metabolic disorders, one of the consequences of manganese (Mn) toxicity is oxidative
stress in plant species. The aim of this study was to evaluate the toxic mechanism associated with Mn exposure
and to investigate the possible mediatory role of Se in protecting plants from Mn toxicity. The exposure of sun-
ﬂower (Helianthus annuus) seedlings to 100 μMMn inhibited biomass production, decreased chlorophyll (Chl)
and carotenoids (Cars) contents and intensively increased the accumulation ofMn in both roots and shoots. Con-
comitantly, Mn application enhanced hydrogen peroxide (H2O2), protein carbonyl (PCO) content and lipid per-
oxidation as indicated by malondialdehyde (MDA) accumulation. Presoaking seeds with Se (5, 10 and 20 μM)
alleviated the negative effect of Mn on plant growth parameters and led to a signiﬁcant increase of Chl and
Cars contents. Furthermore, Se application mitigated the oxidative damages as evidenced by the lowered H2O2,
PCO and MDA contents and led to a decrease in oxidative injuries caused byMn toxicity. Se particularly induced
an increase in catalase (CAT), ascorbate peroxidase (APX) and glutathione peroxidase (GPX) activities accompa-
nied by a signiﬁcant reduction in SOD activities. Our study provides evidence that Se alleviated the Mn-induced
oxidative stress in sunﬂower seedlings by enhancing the antioxidant defense system.
© 2014 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Manganese (Mn) is a crucial trace metal required in numerous
cellular processes, including metabolism and oxidative stress defense
(Cheton and Archibald, 1988). The widespread potential for human
exposure to this metal occurring via the consumption of contaminated
food and water and also by the inhalation of industrial applications or
cosmetics containing dust, mist or fumes with manganese has raised
questions about the health hazards of these compounds (Aschner and
Aschner, 2005).
Mn represents an essential micronutrient for plants, however, ex-
cess amounts of thismetal induce awide range of biochemical disorders
and alter photosynthesis, protein metabolism and membrane integrity
(Macﬁe and Taylor, 1992; Christophers et al., 2003; Kováčik et al.,
2014a). Although Mn is not a common pollutant in soils, various soil
conditions can lead to Mn reduction and create Mn toxicity in many
natural and agricultural systems (Foy et al., 1978)., carotenoids; H2O2, hydrogen
e; CAT, catalase; APX, ascorbate
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ghts reserved.Mn uptake was studied in numerous species and it is well known
that it accumulates considerably in plant biomass (Srivastava and
Dubey, 2011; Kováčik et al., 2014a). Mn toxicity symptoms in plants ap-
pear ﬁrst in shoots and are often more sensitive toxicity parameters
than vegetative growth (Marschner, 1995). For many species such as
barley (Williams and Vlamis, 1957), bean (Horst and Marschner,
1978), sunﬂower (Blamey et al., 1986) and cow pea (Horst, 1983) ﬁrst
Mn toxicity symptoms are dark brown speckles on old leaves. In later
stages Mn toxicity may also lead to leaf yellowing, desiccation and
shedding of old leaves (Horst, 1988; Verkleij and schat, 1990).
Selenium (Se) is an important element for human and animal nutri-
tion, due to its roles in enhancing antioxidant capacity (Lobanov et al.,
2008; Pezzarossa et al., 2012). Thus, deﬁciency of Se can cause diverse
disorders such as white-muscle disease and cardiovascular disease in
humans and animals. The beneﬁcial effects of Se are dependent on the
chemical form, selenomethionine (SeMet) is known to be the most
readily assimilated form of Se (Germ and Stibilj, 2007).
According to current thinking, higher plants do not require Se.
However, recent studies have shown that Se at low concentrations can
protect plants from several types of abiotic stresses. Se can increase tol-
erance of plants exposed to heavy metals (He et al., 2004; Cartes et al.,
2010; Kumar et al., 2012; Saidi et al., 2014), drought (Hasanuzzaman
and Fujita, 2011), UV-B (Yao et al., 2010), salt (Hasanuzzaman
et al., 2011), water (Wang, 2011), senescence (Hartikainen et al.,
2000), high temperature (Djanaguiraman et al., 2005), and desiccation
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plants exposed to environmental stress have been attributed to growth-
promoting activity, increase of antioxidative ability, reduction of reac-
tive oxygen species (ROS) and lipid peroxidation (Shanker et al.,
1996a). Nevertheless, the speciﬁc physiological mechanisms that
underlie the beneﬁcial effects of Se in plants have not yet been fully
elucidated. Whereas at high dose, Se acts as a pro-oxidant and cause
damage to plants (Hartikainen et al., 2000).
Sunﬂower (Helianthus annuus) is a widely used plant cultured
throughout the world. It accumulates considerable amount of some
metals, such as Cd, Cu and Zn (Kastoria et al, 1992; Groppa et al,
2001). Since Mn produces oxidative damage in higher plants, an
enhancement of the antioxidant properties of sunﬂower is expected as
a consequence of Se supplementation under Mn stress conditions.
However, to our knowledge, there has been limited effort to determine
the role of Se in alleviating Mn-induced damage. It was therefore the
aim of this work to investigate the potential role of external Se in mod-
ulating Mn-induced oxidative stress, Mn uptake/translocation, and
growth in sunﬂower seedling.
2. Material and methods
2.1. Plant material and growth conditions
Seeds of sunﬂower (Helianthus annuus) were sterilized and divided
into two groups. One half of the seeds were soaked in (5, 10 and 20
μM Se) as selenate solution (Na2SeO4 10H2O) for 24 h, the other half
of the seeds was soaked in water (control), and then both groups
were allowed to germinate on moist ﬁlter paper in the dark. Four-day-
old, dark grown seedlings, were transferred to plastic beakers (6 L ca-
pacity, 6 plants per beaker) ﬁlled with nutrient solution containing:
1.0 mMMgSO4, 2.5 mM Ca(NO3)2, 1.0 mM KH2PO4, 2.0 mM KNO3, 2.0
mM NH4Cl, 50 μM EDTA–Fe–K, 30 μM H3BO3, 1.0 μM ZnSO4, 1.0 μM
CuSO4 and 30 μM (NH4)6Mo7O24. After an initial growth period of
5 days, treatments were performed by adding 100 μMMnCl2 to the nu-
trient solution.Mn dose used in this work is chosen appropriately to ex-
pose the plants from moderate levels of Mn. Plants were grown in a
growth chamber with a 16-h-day (25 °C)/8-h-night (20 °C) cycle, an ir-
radiance of 150 μmolm−2 s−1, and 65–75% relative humidity. The nutri-
ent solutionwas buffered to pH 5.5withHCl/KOH, aerated, and changed
twice per week. After 4 days of Mn-treatment, roots of the harvested
plantlets were soaked in 20 mM EDTA for 15 min to remove adsorbed
metals and washed carefully using distilled water to eliminate any con-
tamination. Primary leaves were harvested and immediately stored in
nitrogen liquid. Three independent repetitions of thewhole experiment
were performed in order to check reproducibility. For biomass produc-
tion, Mn determination and biochemical analyses of ﬁve plantlets from
each replication of all treatments were selected.
2.2. Determination of ion concentrations
Dry plant material was powdered and wet-digested in acid mixture
(HNO3:HClO4, 3:1, v/v) at 100 °C. Mn concentrationswere estimated by
atomic absorption spectrometry (Perkin–Elmer, Analyst 300) using an
air–acetylene ﬂame. Se was analyzed by ﬂuorescence atomy spectrom-
eter (AFS-230, Beijing Haiguang Instr. Co., China) .
2.3. Determination of lipid peroxidation,membrane permeability, hydrogen
peroxide and protein carbonyl contents
The level of lipid peroxidation in plant leaves was determined
by estimation of the thiobarbituric acid (TBA) reactive substances
which were expressed as the malondialdehyde (MDA) concentration
based on the method of Hodges et al. (1999). Brieﬂy, fresh leaf sample
(0.2 g) was ground in 0.1% (w/v) trichloroacetic acid (TCA) and the
homogenatewas centrifuged at 10.000 g for 5min. To 1mL supernatant,4 mL (TBA) [5% TBA (w/v) in 20% TCA (w/v)] was added. The mixture
was heated at 100 °C for 30 min and then cooled in an ice bath. After
centrifugation at 10.000 g for 10min, the absorbance of the supernatant
was measured at 532 nm. The value was corrected for the non speciﬁc
absorption at 600 nm. Lipid peroxidation level was expressed as nmol
MDA formed using an extinction coefﬁcient of 155 mM−1 cm−1.
Membrane permeability was determined as follows. Fresh leaf sam-
ple (100 mg) was stirred for 30 min in deionized water followed by
measurement of bathing medium conductivity (EC1). Then, the sample
was boiled for 15 min and the ﬁnal conductivity (EC2) of the medium
was measured. Electrolyte leakage (%) was calculated using the formu-
la: (EC1/EC2) × 100.
Hydrogen peroxide (H2O2) levels were determined according to
Sergiev et al. (1997). Leaf tissue (0.5 g) was homogenized in an ice
bath with 5 mL TCA (0.1%, w/v). The homogenate was centrifuged at
12.000 g for 15 min and 0.5 mL of the supernatant was added to
0.5 mL potassium phosphate buffer (10 mM, pH 7.0) and 1 mL potassi-
um iodide (KI) (1M). The absorbance of the supernatant wasmeasured
at 390 nmand the concentration of H2O2was obtained using a standard
curve. Results were expressed as nmol g−1 FW.
Protein carbonylswere determined using 2,4-dinitrophenylhydrazine
(DNPH) and the basis of the assay involved the reaction between protein
carbonyl and DNPH to form protein hydrazone (Reznick and Packer,
1994). The absorbancewasmeasured at 370 nm, using themolar extinc-
tion coefﬁcient of DNPH, ε = 22,000 M−1 cm−1 and the results were
expressed as nmol DNPH conjugated mg−1 protein.
2.4. Determination of antioxidative compound concentrations
Thiols (SH) and disulﬁdes (SS) were determined according to Zahler
and Cleland (1968). The method is based on the reaction of DTNB
with the samples producing a yellow product, thionitrobenzoic acid
(TNB). The SH/SS ratio was also calculated. Results were expressed
as μmol g−1 DW.
2.5. Determination of antioxidative enzyme activities
Frozen leaf tissue (0.4 g) was homogenized in 4 mL ice-cold extrac-
tion buffer (50 mM potassium phosphate, pH 7.0, 0.4% PVPP) using a
pre-chilled mortar and pestle. The homogenate was squeezed through
a nylon mesh and centrifuged for 30min at 14.000 g at 4 °C. The super-
natant was used for assays of the activities of superoxide dismutase
(SOD), catalase (CAT), Ascorbate peroxidase (APX) and Glutathione
peroxidase (GPX). All spectrophotometric analyses were conducted at
25 °C.
The activity of SOD (EC1.15.1.1) was assayed bymeasuring its ability
to inhibit the photochemical reduction of nitroblue tetrazolium (NBT)
following themethod of Beauchamp and Fridovich (1971). The reaction
mixture (1mL) included 50mMphosphate buffer (pH 7.4), 13mMme-
thionine, 75 μMNBT, 0.1 mM EDTA, 2 μM riboﬂavin and 100 μL enzyme
extract. The reaction was allowed to proceed for 15 min illuminated
with ﬂuorescent tubes. Absorbance of the reaction mixture was read
at 560 nm. SOD activity was expressed as U mg−1 protein. One unit of
SOD activity was deﬁned as the amount of enzyme that caused 50% in-
hibition of photochemical reduction of NBT.
CAT (EC1.11.1.6) activity was assayed by the decomposition
of hydrogen peroxide according to Aebi (1984). The reaction mixture
(1 mL) consisted of 100 mM phosphate buffer (pH 7.0), 0.1 mM EDTA,
0.1% H2O2 and 100 μL enzyme extract. The decrease of H2O2 was
monitored at 240 nm and quantiﬁed by its molar extinction coefﬁcient
(ε=39.4mM−1 cm−1). CAT activitywas expressed as Umg−1 protein.
One unit of CAT activity is deﬁned as the amount of enzymes required to
decompose 1 μmol of hydrogen peroxide in 1 min.
APX (EC1.11.1.1) activity was determined by the method of Nakano
and Asada (1981). The reactionmixture (2mL) contained 50mMphos-
phate buffer (pH 7.8), 0.1 mM EDTA, 0.3 mM ascorbate, 0.1 mM H2O2
Table 1
Effects of Se pretreatment on biomass and pigment accumulations in 9-day-old sunﬂower
plant leaves submitted during 4 days to 100 μMMnCl2. Data are means ± SEM (n = 5).
Valueswithin rows followed by the same letter(s) are not signiﬁcantly different according
to Tukey's test, (P b 0.05).
Se (μM) Mn in nutrient solution
0 (μM) 100 (μM)
Root FW (g plant−1)
0 1.41 ± 0.01b 1.00 ± 0.03d
5 1.57 ± 0.01a 1.30 ± 0.01c
10 1.50 ± 0.02a 1.27 ± 0.02c
20 1.42 ± 0.02b 1.01 ± 0.02d
Leaf FW (g plant−1)
0 2.22 ± 0.01b 1.27 ± 0.04d
5 2.76 ± 0.05a 1.75 ± 0.02c
10 2.51 ± 0.02a 1.40 ± 0.01c
20 2.21 ± 0.03b 1.29 ± 0.02d
Chl(a + b)
0 10.58 ± 0.05a 8.33 ± 0.31d
5 10.69 ± 0.07a 9.57 ± 0.07c
10 10.37 ± 0.06a 9.38 ± 0.09c
20 9.87 ± 0.07b 8.38 ± 0.04d
Cars
0 3.76 ± 0.02a 2.41 ± 0.01c
5 3.61 ± 0.03a 2.95 ± 0.07d
10 3.69 ± 0.05a 2.96 ± 0.09d
20 3.06 ± 0.01b 2.49 ± 0.08c
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of H2O2 and the oxidation rate of ascorbic acid was estimated by fol-
lowing the decrease in absorbance at 290 nm. Activity of APX
was calculated by using the molar extinction coefﬁcient for ascor-
bate (ε = 2.8 mM−1 cm−1). APX activity was expressed as U mg−1
protein. One unit of APX activity is deﬁned as the amount of enzymes
required to decompose 1 μmol of ascorbate in 1 min.
GPX (EC 1.11.1.9) activity was measured by a spectrophotometric
method according to Drotar et al. (1985). The reaction mixture
(250 μL) contained 2 mM glutathione, 1 mM NADPH, 1 mM EDTA,
2 mM t-butyl hydroperoxide and 0.5 μg of glutathione reductase in
100 mM sodium phosphate buffer (pH 7.0) and 10 μg of extracted pro-
teins. The rate of NADPH oxidationwasmeasured at 340 nm. GPX activ-
ity was expressed as Umg−1 protein. One unit of GPX activity is deﬁned
as the amount of enzymes required to decompose 1 μmol of NADPH in
1 min.
2.6. Determination of soluble protein concentration
Soluble protein concentration was measured according to Bradford
(1976) using the bovine serum albumin (BSA) protein assay reagent
(Pierce, BSA Protein Assay Kit, USA) with BSA as the standard protein.
All spectrophotometric measurements were performed by using a
Perkin Elmer's LAMBDA 25/35/45 UV/Vis spectrophotometer.
2.7. Statistical analysis
All statistical analyseswere carried outwithGraphPad Prism4.02 for
Windows (GraphPad Software, San Diego, CA). Signiﬁcant differences
between treatment effectswere determined by1-way ANOVA, followed
by Tukey's post-hoc test formultiple comparisonswith statistical signif-
icance of P b 0.05. Number of replications (n) in tables/ﬁgures denotes
individual plantsmeasured for each parameter among 9-day-old plants.
Results were expressed as mean ± standard error of the mean (mean
± SEM).
3. Results
3.1. Effects of Se pretreatment on growth response
Exposure toMn (100 μM)decreased both root and leaf freshweights
by about 25 and 35%, respectively (Table. 1). However, under Mn stress
conditions, the seedlings treated with different concentrations of Se
grew better than plants grown without Se application. The best-
growing seedlings were consistently apparent with lower Se (5 μM)
treatment (increase by about 30 and 37% in root and leaf fresh weights,
respectively, compared to Mn-treated plant). Whereas, at higher Se
doses (20 μM), no signiﬁcant variation was observed as compared to
Mn-treated plant (Table 1).
The effects of Se andMn supplementations on chlorophyll (Chl) and
carotenoids (Cars) contents in sunﬂower leaves are summarized in
Table 1. A signiﬁcant decrease in concentrations of all pigments under
Mn stress conditions was observed. The reductions in Chl (a + b) and
Cars concentrations in Mn-exposed plants as compared to the control
were 21% and 33%, respectively. In comparison with Mn treatment, 5
and 10 μM Se alleviated Mn-induced pigment loss in plants subjected
to Mn stress. With further increases in Se dose (20 μM) no noticeable
variation was observed. In control plants, pretreatment with lower Se
dose did not change pigment concentrations, whereas at higher concen-
trations, Se (20 μM) had a negative effect with pigment content declin-
ing (Table 1).
3.2. Effects of Se pretreatment on Mn and Se distribution
In all control plants, Se concentrations were below the detection
limit. When added to the growth media, Se accumulation increased ina dose-dependent manner at 5, 10 and 20 μM (Table 2). At the same
time, Mn addition to the nutrient solution resulted in a high accumula-
tion of this metal within plant organs reaching 3.34mg g−1 DW in roots
and a value of 4.84mgg−1 DW in leaves (Table 2). Pretreatmentwith Se
before application of Mn signiﬁcantly decreased Mn concentration in
both roots and leaves. The most prominent effect was at 5 μM Se, the
concentration that signiﬁcantly decreased Mn accumulation by about
24 and 38%, in roots and leaves, respectively. Contrarily, at highest Se
dose, no signiﬁcant variation was observed as compared to Mn-
treated plant (Table 2).3.3. Effects of Se pretreatment on lipid peroxidation, protein carbonylation,
H2O2 production, and electrolyte leakage in Mn-treated plant leaves
Lipid peroxidation (MDA) increased upon Mn exposure by nearly 3
times as compared to the control (Fig. 1A). Pretreatment with Se before
Mn application decreased the level ofMDAby about 43 and 31% at 5 and
10 μM, respectively. By contrast, no major changes were observed at
higher Se dose (20 μM) or in the presence of Se alone (Fig. 1A).
Mn application increases protein carbonyl (PCO) content by approx-
imately 45% as compared to the control (Fig. 1B). Presoaking seedswith
Se before Mn application signiﬁcantly decreased PCO level in a dose-
dependentmanner. The effect beingmore prominent at low (5 μM) ap-
plied Se concentrations (PCO content decreased signiﬁcantly, being
about 25% lower than that of Mn-treated seedling) (Fig. 1B).
Fig. 1C presented the inhibitory effect of Se on H2O2 production in
Mn-treated seedlings. Compared to control, treatment of plant with
100 μMMn increased H2O2 content by nearly 2 times. Se alone did not
signiﬁcantly affect H2O2 production. By contrast, presoaking with 5 μM
of Se decreased leaf H2O2 content by 37% relative to Mn-stressed plants
grown without Se application.
The extent of membrane damage was also assessed by determining
the amount of electrolyte leakage (EL) from leaf cells (Fig. 1D). As com-
pared to the control,Mn-treated leaves exhibited a higher rate of EL. The
conductivity measurements showed that at low concentrations (5 μM)
of Se the EL tended to decrease notably (EL decreased signiﬁcantly by
about 39.5% compared to Mn-treated leaf seedling).
Table 2
Effects of Se pretreatment onMn and Se distributions in roots and leaves of 9-day-old sunﬂower plants submitted during 4 days to 100 μMMnCl2. Data aremeans ± SEM (n = 5). Values
within rows followed by the same letter(s) are not signiﬁcantly different according to Tukey's test, (P b 0.05). ND, not detected.
Control Roots Leaves
Mn (mg g−1 DW) Se (μg g−1 DW) Mn (mg g−1 DW) Se (μg g−1 DW)
Control 0.01 ± 0.44c ND 0.04 ± 0.24c ND
Se (5 μM) 0.01 ± 0.40c 3.05 ± 0.74d 0.04 ± 0.20c 12.51 ± 0.95c
Se (10 μM) 0.01 ± 0.49c 5.30 ± 0.70c 0.04 ± 0.28c 14.43 ± 0.87b
Se (20 μM) 0.01 ± 0.44c 8.15 ± 0.85b 0.04 ± 0.24c 18.65 ± 0.98a
Mn (100 μM) 3.34 ± 0.02a ND 4.84 ± 0.01a ND
Mn (100 μM) + Se(5 μM) 2.55 ± 0.04b 6.22 ± 0.96b 3.00 ± 0.07b 14.91 ± 0.92b
Mn (100 μM) + Se (10 μM) 2.82 ± 0.03b 8.02 ± 0.82b 3.83 ± 0.05b 16.12 ± 0.85b
Mn (100 μM) + Se (20 μM) 3.02 ± 0.03a 12.45 ± 0.71a 4.54 ± 0.08a 20.02 ± 0.76a
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Mn-treated plant leaves
The effects ofMn and Se supplementation on SH/SS redox statuswas
studied by measuring thiol and disulﬁde contents. Results summarized
in Table 3 showed thatMn signiﬁcantly decreased the total thiol content
by about 53% and increased disulﬁde levels by nearly 26% in leaves. The
SH/SS ratio was signiﬁcantly reduced under Mn stress. In comparison
with Mn treated plant, pretreatment with Se signiﬁcantly promoted
SH/SS ratio. The effect was more marked in plants treated with lower
(5 and 10 μM) Se concentrations. In plants pretreated with Se and
non-subjected to Mn stress, no signiﬁcant difference with the control
was detected.0
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Fig. 1. Effects of Se pretreatment onMDA (A), PCO (B), H2O2 (C) and electrolyte leakage (D) rat
means ± SEM (n = 5). Values within graphs followed by the same letter are not signiﬁcantly3.5. Effects of Se pretreatment on antioxidant enzyme activities in
Mn-treated plant leaves
Under Mn stress conditions SOD activities were observed to be 40%
higher than those of the control plant (Fig. 2A). By contrast, CAT, APX
and GPX activities were decreased in Mn treated leaves by about 45,
47 and 38% (Fig. 2B–D). Se application decreased SOD activity upon
Mn exposure and alleviated the inhibitory effect of Mn on CAT, APX
and GPX activities. The most obvious effect was at 5 μM Se, the concen-
tration that induced an increase of 34, 30 and 26% in CAT, APX and GPX
activities, respectively (Fig. 2B–D). In plants pretreated with Se and
non-subjected to Mn stress, no signiﬁcant difference with the control
was detected in leaf antioxidant enzyme activities.0
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Table 3
Effects of Se pretreatment on SH and SS concentrations in 9-day-old sunﬂower plant
leaves submitted during 4 days to 100 μMMnCl2. Data aremeans ± SEM (n = 5). Values
within rows followed by the same letter(s) are not signiﬁcantly different according to
Tukey's test, (P b 0.05).
Treatment SH (μmol g−1 DW) SS (μmol g−1 DW) SH/SS
Se (μM) Mn (μM)
0 0 25.45 ± 0.09b 19.53 ± 0.06c 1.30 ± 0.03a
5 0 27.14 ± 0.01a 19.94 ± 0.01c 1.36 ± 0.01a
10 0 26.70 ± 0.02a 20.06 ± 0.08c 1.33 ± 0.06a
20 0 25.44 ± 0.05b 20.54 ± 0.00c 1.23 ± 0.07a
0 100 12.01 ± 0.01f 26.40 ± 0.05a 0.45 ± 0.04c
5 100 18.55 ± 0.10d 22.15 ± 0.05c 0.81 ± 0.08b
10 100 16.52 ± 0.03e 22.70 ± 0.10c 0.72 ± 0.03b
20 100 12.30 ± 0.11f 24.67 ± 0.01b 0.49 ± 0.10c
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Although it is widely recognized that Mn toxicity adversely affects
plant growth and its metabolic processes, to our knowledge the effect
of interactions between Mn and Se on the plant growth as well as on
the antioxidative system has never been reported. In our experiment,
the exposure of plants to Mn treatment decreased both root and leaf
fresh weights and increased Mn accumulation within plant organs. In
agreement, cucumber exposed to Mn showed depleted shoot and root
dry biomass (Shi and Zhu, 2008). On the contrary, 7-week-old chamo-
mile, Mn excess affected neither shoots nor root biomass (Kováčik
et al., 2014a). Therefore, variable sensitivity of plant to Mn excess is
probably more linked to the given species than on applied Mn concen-
tration (Kováčik et al., 2014a).0
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creased the yield of plants like ryegrass (Hartikainen et al., 2000) and
lettuce (Xue et al., 2001). In accordance, our results showed that Se ap-
plication promoted plant growth and counteract Mn toxicity only at
lower dose. Moreover, plants simultaneously supplied with Mn and Se
accumulatedmore Se in their tissues comparedwith those supplement-
ed with Se alone at all Se supply levels. The higher Se uptake may sug-
gest a greater demand of Se to alleviate the toxic effects induced by
Mn (Cartes et al., 2010).
The effects of various environmental stresses on plants are known to
be mediated, at least partially, by an enhanced generation of reactive
oxygen species (ROS). However, the underlyingmechanisms of Mn tol-
erance in plants are not completely explained. Understanding the bio-
chemical and molecular responses to Mn stress is essential for the
holistic perception of plant resistancemechanisms underMn stress. Re-
cent studies have shown that, at low concentrations, Se can protect
plants from several types of abiotic stress by enhancing the antioxidant
capacity (Feng andWei, 2012; Saidi et al., 2014). The present study was
performed to analyze the mechanisms of the beneﬁcial effect of Se on
sunﬂower plants exposed to toxic Mn concentrations.
ROS and MDA level are the well known indices for determining the
degree of oxidative stress and considered to be one of themain contrib-
utors for growth inhibition (Garg andManchanda, 2009). Our results in-
dicated that Mn exposed plants had enhanced levels of H2O2 and MDA
which together affected the cell membrane functionality and integrity.
These were in turn interfering with the biosynthesis of photosynthetic
machinery and impaired the subsequent growth (Horiguchi, 1987). Pre-
treatment with Se before Mn exposure signiﬁcantly increased Chl and
Cars contents, when compared to Mn-stressed plants grown without
Se addition. The ameliorative impact of Se on Chl content in Mn-
treated leaves might be attributed to efﬁcient scavenging of ROS by0
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oid level can protect the photosynthetic membrane against photo-
oxidation by quenching the triplet states of Chl molecules as well as
effectively scavenging ROS, protecting pigments and unsaturated fatty
acids of lipids from oxidative damage (Malik et al., 2012).
The ameliorative effect of Se on growth as observed in the present
study has already been reported in many plants exposed to various en-
vironmental stresses (Shanker et al., 1996b,c; Djanaguiraman et al.,
2010; Zembala et al, 2010). In agreement to our results, recent study
(Kováčik et al., 2014a) using ﬂuorescence microscopy technique re-
vealed that nitric oxide (NO) application depleted Mn-induced oxida-
tive stress and Mn accumulation in chamomile seedling subjected to
Mn stress. As compared to Se effect, It is suggested that NO participates
in tolerance to Mn excess but negative effects of the highest NO dose
were also observed (Kováčik et al., 2014a).
Our results showed that Mn application increases PCO content in
sunﬂower leaves. Protein carbonylation can be ascribed to direct oxida-
tion of amino acid side chains by ROS and/or by protein reactions with
lipid peroxidation products, such as 4-hydroxy-2-nonenal (HNE). Our
results corroborated with previous ﬁndings which demonstrated that
Mn exposure enhanced oxidative species and proteins oxidation prod-
ucts (Horiguchi, 1987; El-Jaoual and Douglas, 1998). On the other
hand, Se-decreased lipid peroxidationmay partially contribute to atten-
uate Mn alteration effect on protein content in sunﬂower leaves.
Under stress conditions, ROS generation often exceeds the overall
cellular antioxidative potential, which can cause oxidative damage of
different cellular components such as membrane lipids, proteins, and
nucleic acids (Hussain et al., 2008). The present study showed that the
cytotoxic actions of Mn were mediated, at least in part, by an oxiradical
mechanism involving overproduction of H2O2 and down regulation of
certain key antioxidant enzymes. Both events would lead to oxidative
stress in Mn-exposed seedling.
As an indispensible strategy to avoid damages induced by ROS,
plants develop non-enzymatic and enzymatic antioxidant defense sys-
tems to control the cascades of uncontrolled oxidation and protect
plant cells from oxidative damage by scavenging ROS (Kumar et al.,
2012). Our study showed thatMn treatmentswere found to have oppo-
site effects on certain antioxidative enzymes. In sunﬂower leaves, Mn
induced elevated SOD, but decreased CAT, APX, and GPX activities. By
contrast, the priming of seeds with lower concentrations of Se, up-
regulated the decreased levels of CAT, APX, and GPX, and concomitantly
down-regulated Mn-induced increases of SOD activity, thereby
protecting the plants from oxidative damage as attested by the lower
levels of leaf H2O2 and lipid peroxidation production. Se-induced varia-
tion in the activity of oxidoreductase enzymes have been detected in
many plant species (Chu et al., 2010; Filek et al, 2008).
Se promotes H2O2 scavenging by increasing GPX activity, which has
been identiﬁed as an abiotic stress responsive enzyme. As shown in our
data, enhanced GPX activity induced by Se application in Mn-treated
leaves might conceal an expected increase in GSH levels. Consequently,
this enhanced defense mechanism shifts the conversion of hydrogen
peroxide towater thereby reducing the formation of highly reactive hy-
droxyl radical, and eventually leading to a lipid peroxidation decrease
and hydrogen peroxide accumulation. Moreover, the role of GPX is cru-
cial for the maintaining of optimal GSH level which is not only indis-
pensable for the synthesis of phytochelatin (PCs) and functioning of
ascorbate–glutathione cycle but also needed as a reductant inmanybio-
chemical reactions (Pawlik et al., 2007). The hypothesis of Hartikainen
et al. (2000) that the increase in GPX resulted in reduced formation of
H2O2 and lipid hydroperoxides is conﬁrmed in the present study by re-
cording a lower value of hydrogen peroxides production in Se treated
plants coupled with increased CAT and reduced SOD activity. As a pow-
erful scavenger of H2O2 and lipid hydroperoxides, GPX is widely and ro-
bustly activated by Se in diverse plants exposed to environmental stress
(Hasanuzzaman et al., 2011; Hasanuzzaman and Fujita, 2011; Kumar
et al., 2012).One of the defense mechanisms that protect plant from oxidative
damage is the dismutation of superoxide anion radical to hydrogen per-
oxide by SOD which is further converted to water by GPX, using GSH as
a substrate (Jones, 2002). GSH, like its precursors, is involved directly in
the reduction of most ROS (Noctor and Foyer, 1998). Furthermore, GSH
plays a key role in the antioxidative defense system by regenerating
other potential water-soluble antioxidants, such as ascorbate (AsA),
via the AsA–GSH cycle (Foyer and Halliwell, 1976). Under stress condi-
tions, intensive oxidation of GSH to GSSGdisulﬁde can seriously damage
proteins via the formation of irreversible S–S bonds and the conversion
of SH groups into sulﬁnic and sulfonic acids (Jones, 2002). At cellular
level, GSH plays a protective role probably by removing H2O2, inducing
extracellular GSSG and protein S-glutathionylated adducts (\SSG)
leading to lower amount of oxidant that can attack sulfhydryls (Klatt
and Lamas, 2000). Moreover, the fact that Mn-stress induced signiﬁcant
reduction of SH/SS ratio, reveals a disturbance of the thiol redox status
in contaminated seedlings. Given the numerous processes that are de-
pendent upon cellular redox state, perturbation of SH/SS ratio is consid-
ered as an important factor indicative of oxidative stress (Klatt and
Lamas, 2000).
As compared to Se effect, the amelioration of metal-induced toxicity
by beneﬁcial elements such as calcium (Ca) was evoked. Recently,
Kováčik et al. (2014b) observed that Ca alleviated Cr-induced oxidative
stress in chamomile seedlings mainly by reducing ROS, H2O2, and MDA
content in both leaves and hypocotyls. The Ca induced Cr-tolerance can
be mediated by depleted shoot Cr uptake (Kováčik et al., 2014b). The
protective effect of Ca was also investigated against cadmium toxicities.
Results obtained showed a gradual decrease in cadmium accumulation
in the different plant organs with increasing Ca concentrations in plant
and nutrient solution (Boulila et al., 2006). Similarly to Se, the beneﬁcial
effect of Ca can be related to the decrease in lipid peroxidation, the im-
provement of scavenging capability of ROS, and the decrease in metals
uptake, transport and distribution in plant organs (Farzadfar et al.,
2013; Kováčik et al., 2014b).
In conclusion, the present study illustrates the antioxidant proper-
ties of Se against Mn toxicity in sunﬂower seedling. Therefore, based
on these ﬁndings, Semight be able to down regulateMn-induced oxida-
tive damages through the inhibition of ROS production and indirectly by
regulation of antioxidative system. Although many reports have eluci-
dated a protective role for Se under abiotic stress conditions, investiga-
tions addressing the physiological function of Se in stress responses
have not yet been revealed. Further research is necessary to identify
the molecular mechanism implicated in the Se induced tolerance in
seedlings.
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